Although branching morphogenesis is central for organogenesis in diverse organs, the underlying 12 self-organizing principles have yet to be identified. Here, we show that invasive branching 13 morphogenesis in human mammary organoids relies on an intricate tension-driven feedback 14 mechanism, which is based on the nonlinear and plastic mechanical response of the surrounding 15 collagen network. Specifically, we demonstrate that collective motion of cells within organoid 16
Branching morphogenesis leads to the formation of a tree-like, ductal epithelium in diverse organs 22 such as kidney (1) , lung (2), pancreas (3) or mammary gland (4) and is known to be the result of an 23 interplay between chemical signals and mechanical cues (5, 6). In particular, structural and mechanical 24
properties of the surrounding extracellular matrix seem to act as guiding cues for branch elongation 25 (7-9). However, the mechanisms guiding the collective outgrowth of epithelial structures have yet to 26 be identified (10-12). As branching morphogenesis differs greatly between tissues due to organ-27 specific mechanical and chemical environments (5, 13), the self-organization processes leading to 28 ductal elongation remain a topic of intense investigation. Tip-cell driven invasion, as observed during 29
Drosophila tracheal tube elongation (14) or retinal endothelial sprouting (15), has been described as 30 one possible mechanism. Here, it is assumed that designated leading tip cells invade the extracellular 31 matrix (ECM), whereas stalk cells within the duct merely push outward by intercalation processes (16, 32 17) . In contrast, for other organs such as lung (2), kidney (1) or mammary gland (18) a non-invasive 33 elongation process was observed. Specifically, in terminal end buds of mouse mammary organoids 34 collective cell rearrangements were shown to drive elongation of buds without a clear mechanical 35 interaction with the surrounding Matrigel (18). In contrast in a collagenous environment, the direction 36 of the branching epithelium of mammary gland organoids is guided by aligned collagen fibers (8, 9) , 37 highlighting the importance of the ECM as an essential cue (19-21). Yet, the underlying self-organizing 38 principles driving the branching morphogenesis still remain elusive. This is partly due to the fact that 39 until now only little is known on the dynamic nature of the interaction of the epithelial layers with the 40 surrounding ECM. Especially, most times only the purely linear elastic response of the ECM is 41 considered, without taking into account non-linear and plastic effects (22) . Using human primary single 42 cell-derived mammary organoids we identified plastic collagen fiber alignment, collagen accumulation, 43 tension generation and branch elongation as a dynamic collective process governed by a force-44 feedback loop. 45
Mammary gland organoids invade the ECM by non-continuous contractions 46
Single primary basal human mammary epithelial cells were embedded in freely-floating 3D collagen 47 gels as previously described (23), and expansion of the developing organoids was observed by live-48 confocal-microscopy over extended time periods, from hours to days (Fig. 1a ). We were able to 49 distinguish three development stages ( Fig. S1a ): the establishment phase (day 1 to 7), the branch 50 elongation phase (day 7 to 11, Fig. 1b ) and the alveologenesis phase (day 11 to 14). Characteristic for 51 the establishment phase were small, rod-like cell clusters with length between 150 µm and 250 µm, 52 that showed only rudimentary branches. During the elongation phase, these branches invaded into 53 the ECM and developed primary and secondary side branches. Ultimately, during the alveologenesis 54 phase, the organoids reached diameters of up to 1 mm and the branches formed rounded end buds 55 and grew thicker allowing the formation of a lumen. This phase also coincided with polarized 56 expression of markers for the two major lineages within the mammary gland: p63 for basal cells, 57
expressed within the outer cell layer adjacent to the ECM, and Gata-3 for luminal cells, expressed 58 within the cell layer adjacent to the forming lumen ( Fig. 1c ). This expression resembled the bilayered 59 architecture of the human mammary gland. 60
During branch elongation, we detected proliferative cells throughout the whole organoid ( Fig. 1d ) and 61 observed the formation of filopodia-like cellular protrusions at the leading edge of the branches, 62
hinting towards an invasive branching process (Fig 1e) . This is in contrast to the non-invasive ductal 63 elongation process driven mainly by internal cell rearrangements inside the terminal end bud, which 64 was observed during murine mammary gland branching morphogenesis in vivo or in matrigel-65 embedded tissue fragments (18, 24). This different growth behavior could be based on the contrasting 66 mechanical properties of the matrices. While matrigel is a purely linear material with nearly no 67 plasticity, collagen I is highly non-linear with an initial stress softening followed by a stiffening under 68 cyclic strain, such mechanical hysteresis loops are commonly referred as Mullins-softening (25) ( Fig.  69 1f, Fig. S2 ). In our single-cell based assay we do not observe organoid growth in pure matrigel. While 70 in mixes of collagen and matrigel the formation of only spherical clusters can be observed, highly 71
branched structures are formed only in pure collagen gels ( Fig. 1b ). 72
As observed by means of embedded tracer particles, the elongation of each branch induced a 73 significant long range deformation field within the ECM directed towards the branch (Fig. 1g, Fig. S1b ). 74
After 14 days of culture these local deformations added up to millimeters, which led to a macroscopic 75
shrinkage of the collagen gel to about half its diameter. In the near-field the observed strains exhibited 76 local heterogeneities and were highly anisotropic: deformations were the strongest directly at the tip 77 of the branch in extension to the direction of elongation and steadily decreased with increasing angle 78 from the branch tip ( Fig. 1h , Fig. S1c , Video 1). Moreover, we observed a periodic displacement of the 79 embedded tracer particles towards the branch with periods in the hour scale, as best seen by 80 computing the cumulative displacement in the ECM in the near field of the branch over time ( Fig. 1i , 81 blue line, Fig. S1c, d ). Analogous to the dynamic deformation field, branch elongation occurred 82 discontinuously in time, with a back-and-forth movement of the leading cells (Fig 1i, orange line). These 83 observations led us to hypothesize that the endogenous contractility displayed by basal, also known 84 as myoepithelial cells, results in the detected ECM deformations, which are required for branch 85 elongation. Since branched organoids are exclusively generated by basal, but not luminal cells (23), we 86 wondered whether myoepithelial properties are required for the initiation of branching 87 morphogenesis. 88
Collective contractility is necessary for the formation of TDLU-like structures 89
Indeed, during the organoid establishment phase, we observed that small clusters consisting of just a 90 few basal cells were already able to induce considerable deformation of the surrounding ECM ( Fig. 2a ). 91
In contrast, non-contractile luminal mammary epithelial cells grew as multicellular spheres driven by a 92 proliferative pressure without a resolvable ECM deformation ( Fig. 2b) . Occasionally, only short-range 93 and localized elastic deformations appeared. To test directly whether endogenous contractility of basal 94 cells is required for branching initiation, the Rho kinase (ROCK)-inhibitor Y-27632 was added to the 95 culture medium from day 1 on. Indeed, branch formation was inhibited, leading mainly to the 96 emergence of unstructured and dense cell clusters ( Fig. 2c, Fig. S3a ). Moreover, the inhibition of 97 cellular contractility during the branch elongation phase on day 10 prevented further branch 98 elongation as well as the global anisotropic contraction of the ECM as observed before. Whereas the 99 formation of filopodia-like-protrusions was only observed in leading cells in control organoids, ROCK-100 inhibitor treated organoids displayed cellular protrusions in stalk cells all along the branch axis ( Fig. 2d,  101 Video 2). This observation correlated with deformations of just a few microns perpendicular to the 102 branch in contrast to the large directed deformations observed in control organoids that emanated 103 from the leading front in direction of branch elongation. Thus, we concluded that branch elongation is 104 driven by the endogenous contractility of the myoepithelial cell sheet which specifically induces large 105 anisotropic deformation fields in the ECM in front of the elongating branch. Moreover, our results 106
suggest that branch elongation is the result of coordinated and collective myoepithelial contraction, 107 also evidenced in the generation of filopodia-like protrusions specifically at the tip of the branch. 108
To better understand whether collagen deformation and branch elongation are mechanistically linked, 109
we next observed cellular movements by nuclear labelling. Stalk cells moved in a collective manner 110 inside the branch with speeds of up to 6 µm/hr, but frequently changed their direction or paused their 111 movement (Video 1). The tip of the branch was led by a few cells, which formed filopodia-like 112 protrusions and actively invaded the collagen network ( Fig. 1e ). Interestingly, the leading cells and the 113 stalk cells occasionally switched places (Video 3), contrary to tip cells observed during endothelial 114 sprouting (26) or tube elongation of the Drosophila tracheal (14). Strikingly, the direction of the net 115 movement of the stalk cells correlated with the deformation field within the ECM in front of the branch 116 tips. When collective cell motion was outward pointing, just small deformations in the ECM were 117 observe. However, when stalk cells moved away from the tip towards the organoid center or showed 118 no migration, large deformations within the ECM appeared ( Fig. 2e ). By contrast, no directed cell 119 movements and deformations were observed perpendicular to the long axis of the branches. Based on 120
these results, we speculated that the tension required for the resulting deformations we observed was 121 applied by the whole branch and not the leading cells alone. To test this, UV laser ablation of the 122 collagen matrix in front of invading branches was conducted ( Fig. 2f ). Such ablation was followed by 123 an instantaneous relaxation of the whole branch towards the organoid body ( Fig. 2g , Video 4). 124
Accordingly, the ECM was relaxing in the opposite direction of the initial deformation field. 125
Together these results suggests that it is the collective nature of the cell movements within the stalk 126 of the branch directed away from the tip which results in the observed ECM deformations in front of 127 the branches. Thus, the tension is built up by the whole branch and is counterbalanced by the 128 surrounding ECM. In accordance, we detected strong coupling of the cells within the branches via E-129 Cadherin (Fig. 2h ). To prove the necessity of collective tension built-up, we lowered cell-cell adhesion 130 by addition of a function-blocking anti-E-cadherin antibody (HECD1 clone) throughout the organoid 131 culture. As a result, just spindly branched structures evolved that completely lacked alveologenesis 132 ( Fig. S3b ). 133
Collagen is plastically remodeled by the invading epithelium 134
Via additional immunofluorescence, overarching smooth muscle actin cables were detected in 135 elongating branches, highlighting again the collective tension built-up ( Fig. 2i ). Indeed, disrupting the 136 actin network by addition of Cytochalasin D led to a loss of tension, resulting in an instantaneous 137 relaxation of the branch by an outward motion due to elastic counterforces of the surrounding ECM 138 (Video 5). Yet, only a small fraction of the total deformation which accumulated during the growth 139 process was released, which demonstrates that the observed deformations in the collagen network 140 are predominantly plastic in nature ( Fig. 3a, Fig. S4a, b ). In support of these data, we observed highly 141 aligned collagen fibers in front of the invasive branches with decreasing alignment of the fibers with 142 increasing angle to the branch axis ( Fig. 3b ), which correlates to the observed deformation field. 143
Importantly, the orientational order of the collagen network was kept in this alignment upon 144
Cytochalasin D treatment ( Fig. 3c ). Finally, we observed that the collagen network far away from 145 organoids was fully isotropic with randomly oriented collagen fibers, hinting that the fiber alignment 146 is established by the expanding branches of the organoid (Fig. S4c ). Live-cell imaging revealed that fiber 147 alignment was induced by the collective mechanical tension produced by the cells within the 148 elongating branches (Video 6). Thus, the fiber alignment was a direct consequence of the observed 149 contractile deformation field and captured its history. Importantly, the tension was generated by the 150 whole branch and not by the tip cells alone. The contractile forces of an individual basal cell do not 151 suffice to explain the observed long ranging deformations ( Fig. S4d ). Moreover, tip cells did not 152 continuously attach to one attachment site, but frequently changed their attachment sites on the 153 collagen fibers (Fig. 3e ). Yet, due to the previous growth induced alignment of the collagen fibers in 154 front of the branch through the collective contraction and cell movement within the entire branch, 155 orientational guidance along the axis of the branch elongation was effectively achieved. 156
In addition, we observed that the collagen fiber alignment resulted in an enrichment of collagen along 157 the branch axis ( Fig. 3f ). This mechanically induced accumulation ultimately led to the formation of a 158 continuous collagen cage. High-resolution microscopy revealed that this collagen cage had a porous 159 structure with holes of an approximate size of 1 up to 3 µm (Video 7). The thickness around the 160 organoid body had a size of around 10 µm and thinned out towards the tip of the branch with larger 161 holes at the invasion site. Washing out the epithelial cell layer by addition of Triton X left an empty 162 collagen cage behind (Fig. 3d) . Thus, the plastic deformation of the collagen generated a collagen cage 163 which encased the organoid and, once formed, remained mechanically stable even in the absence of 164 cells. In addition to accumulated collagen around the epithelial branches, we detected an enrichment 165 of cell-secreted laminin, a major component of the basement membrane (Fig. 3g ). The mechanical 166 stability of the collagen cage guides the further elongation process of branch. While at the side the 167 dense cage prevents a further outgrowth (27), the emerging cage in the front is porous and weak 168 enough for individual cells to squeeze through (Fig. 3h ). Similar to our in vitro observations, a trichrome 169 staining of human tissue cross sections showed that epithelial ducts in the human mammary gland are 170 surrounded by Collagen I (Fig. 3i ). Here, collagen is a major component of the basement membrane, 171
which separates the mammary gland from stromal fibroblasts and is thought to act as mechanical 172
hindrance to prevent branch outgrowth (28). 173
In order to test the interplay of plastic deformation and local degradation of the matrix we inhibited 174 the activity of Metalloproteinases MMPs by the addition of Marimastat. At the beginning of the 175 establishment phase, addition of 10µM Marimastat led to the formation of very short and thin 176 branches (Fig. S3c ). The inhibition of MMP activity in the branch elongation phase induced an arrest of 177 invasion by the branch tip cells into the collagen, whereas formation of filopodia was still observed 178 ( Fig. 3j, blue line, Video 8 ). Yet, the branches were still able to build up significant tension, which in 179 turn led to large strains in the collagen and further plastic deformation of the surrounding matrix. 180
However, the inhibition of the MMPs hampered the extension of the branch while the cells continued 181 to proliferate. Due to the reduced ability of branch extension continuous cell proliferation resulted in 182 an increased cell density and a concomitant slowing of cell motility and thickening of the structures 183 ( Fig. 3j , orange line). Immunofluorescence against MMP9, a metalloproteinases previously described 184
to have a dominant role in matrix remodeling in the mammary gland (29), revealed a localized 185 expression at the tip of the invading branches (Fig. 3k ). Based on these results, we concluded that the 186 formation of the collagen cage resulted from a combination of mechanically induced accumulation of 187 collagen in front of the branch and single-cell invasion of the tip cells (Video 9). 188
Conclusions 189
Together we can summarize our presented results of the invasive branching morphogenesis into a 190 mechanical feedback model (Fig. 4) 
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Materials and Methods 254
Flow cytometry and fluorescence-activated cell sorting (FACS)
255
Single-cell suspensions of primary HMECs were stained with the following antibodies: CD31-PB, CD45-V450,
256
CD49f-PE, EpCAM-FITC and CD10-APC (table S1-S3). 7AAD was added to the suspension for dead cell 257 exclusion. Luminal progenitors (LP) and CD10+ basal cells (B+) were sorted as previously described (23) (Fig. S5 ).
258
A subsequent re-analysis was performed to ensure the purity of the sort. FlowJo V10 software was used for post-259 analysis.
260
Organoid preparation 261 Organoids were prepared as described previously (23). In short, freshly isolated human mammary gland 262 epithelial cells from healthy women undergoing reduction mammoplasty were embedded in collagen gels 263 (collagen type I from rat tail, Cornings) with a final collagen concentration of 1.3 mg/ml. For specific experiments 264 pure collagen was mixed with labelled collagen in a ratio of 20:1. From day 1 to 5 cells were cultivated in 265 mammary epithelial growth medium (PromoCell MECGM) enriched with 3 µM Y-27632 (Biomol), 10 µM Forskolin 266 (Biomol) and 0.5% FBS. From day 7 to day 14 the media was changed to MECGM mixed with 10 µM Forskolin.
267
Organoids were prepared from 5 different donors (Table S4 ).
268
Collagen labelling
269
Collagen was fluorescently labelled with Atto 488 (Merck) according to a protocol based on a previously 270 published protocol (32). Therefore, collagen was dialysed at 4°C to reach pH 7. Subsequent, collagen was 271 conjugated with Atto 488 by incubating it overnight at 4°C. Further dialyse was performed for 8 hrs to remove 272 non-bound dye, followed by an additional dialyse overnight using acid to prevent unwanted polymerization.
273
Finally, it was stored at 4°C. 
